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Abstract—The toxic effects of excitatory amino acids (EAAs) on the central nervous system appear to
be mediated by calcium. Calcium uptake into rat brain tissue slices was studied in the absence and in
the presence of domoate and glutamate. Calcium uptake into brain cytoplasm was enhanced by domoate
in a concentration-dependent manner. Glutamate also stimulated calcium uptake. Calcium uptake into
brain tissue was enhanced markedly by the removal of glucose from the Krebs—Henseleit-Ringer
bicarbonate incubation medium. Stimulation of calcium uptake by glucose deprivation increased with
incubation time, suggesting the depletion of energy stores, i.e. ATP, which is necessary for calcium
transport in brain tissue. Replacement of NaCl with choline chloride in the incubation medium also
enhanced calcium uptake into brain tissue cytosol. The removal of both glucose and NaCl from the
medium produced an additive effect on calcium uptake, indicating independent mechanisms of action.
NaF stimulated calcium uptake into brain tissue more in the presence of glucose than in its absence.
Since NaF is an inhibitor of glucose metabolism, these results indicate that glucose metabolism is
somehow linked to calcium transport in brain tissue. Since ATP is required by calcium pumps, which
extrude as well as store calcium in nervous tissue cells, depletion of ATP, either in the absence of
glucose or when glucose metabolism is blocked by NaF, may be responsible for the accumulation of

calcium in the brain tissue cytosol, and for the neurotoxicity induced by domoate and glutamate.

Calcium plays a central role in the regulation of
numerous intracellular processes in the central
nervous system [1-4]. Some of these effects are
achieved in combination with the ubiquitous protein
calmodulin, whereas other effects may be a direct
result of calcium [1-4]. The intracellular calcium
level undergoes oscillations that are produced by
alterations in calcium influx through channels and
efflux by the calcium pump in plasma membranes.
Calcium is also taken up and released by the
endoplasmic reticulum (5, 6]. Certain extracellular
agonists stimulate phospholipase C in membranes to
produce diacylglycerol and inositol-1,4,5-triphos-
phate, which mobilizes calcium from the intracellular
stores, i.e. the endoplasmic reticulum [7-9]. Any
derangement in one or more of these regulatory
mechanisms will produce a profound effect on
calcium homeostasis and serious metabolic and
functional consequences.

Excitatory amino acids (EAAst) produce toxic
effects in the central nervous system [10-12]. The
mechanism by which EAAs produce their toxicity
in the central nervous system is not clearly defined.
However, the available evidence indicates that
calcium mediates the toxic effects of EAAs in
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brain tissue [2, 3, 6]. Depolarization of presynaptic
elements causes the influx of calcium [5], which
initiates numerous cellular processes including the
release of neurotransmitters at the synapses {13, 14]
and neuromuscular junctions [15]. The enhanced
release of neurotransmitters at the synapse potentia-
tes neurotransmission between adjacent neuronal
cells [4] and muscular contraction at the neuro-
muscular junction [15]. Postsynaptically, an inter-
action of glutamate with N-methyl-D-aspartate
(NMDA) receptors enhances the influx of calcium
through voltage-dependent calcium channels. Glu-
tamate also interacts with non-NMDA (kainate/
quisqualate) receptors that allow rapid influx of
sodium causing depolarization and dissociation of
magnesium ions from NMDA receptors, thereby
activating latent NMDA receptors and further
potentiating the influx of calcium and neuro-
transmission [16]. A high level of calcium [6] and
accumulation of glutamate in the synapse produce
lesions in brain tissue, resulting in central nervous
system dysfunction [10].

In this paper, uptake of radioactive calcium
into brain tissue cytoplasmic and membranous
compartments was investigated, and the effects of
domoate and glutamate were ascertained. The results
show that calcium uptake by the brain tissue was
influenced profoundly by glucose and NaCl in the
absence or presence of these agonists.

EXPERIMENTAL PROCEDURES

Materials. All biochemical reagents used in this
study were of analytical grade and were purchased
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from the Sigma Chemical Co. (St. Louis, MO).
Radiolabelled calcium (**CaCl,) was purchased from
Dupont Canada Inc. (Mississauga, Ontario). Diaflo
ultrafiltration membranes (0.45 um) were purchased
from the Amicon Division of W. R. Grace & Co.
(Danvers, MA).

Sprague-Dawley male rats were purchased from
Charles River Laboratories (Montreal, Quebec) and
kept in animal quarters of the Atlantic Veterinary
College with a light and dark cycle of 12 hr each.

Calcium uptake in brain tissue slices. Sprague—
Dawley male rats of 200-250 g body weight (8- to
10-weeks-old) were stunned and decapitated, and
brain tissue was excised and placed in a beaker
containing ice-cold Krebs-Henseleit-Ringer bicar-
bonate (KHRB) medium (pH 7.4). This medium
was prepared by mixing 100 mL of 154 mM NaCl,
4 mL of 154 mM KCl, 3 mL of 110 mM CaCl,, ImL
of 155 mM KH,PO,, 1 mL of 154 mM MgSO,-7H,0,
and 21 mL of 154 mM NaHCQO; in a total volume of
130 mL. The mixture was gassed with 5% carbon
dioxide to pH 7.4 [17]. The tissue was placed on
Whatman filter paper to remove as much fluid as
possible, and slices of uniform thickness (1 mm?)
were prepared and placed in a petri dish immersed
in chipped ice. Weighed slices (75-100 mg) were
placed in labelled glass test tubes in KHRB medium
(pH 7.4) containing 10 mM glucose, and flushed with
a gas mixture of 95% oxygen and 5% carbon dioxide.
The tissue was pre-equilibrated for 3 min at 37°, and
radioactive CaCl, (1.67 Ci/mol) was added to start
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Fig. 1. Calcium uptake into rat brain tissue (O) and
cytoplasmic (A) and membranous ([J) fractions as a
function of incubation time. Approximately 75-100 mg of
tissue slices was incubated in KHRB medium, and
subcellular fractions were prepared as described in the
Experimental Procedures. Some radioactivity in the tissue
slices and cytoplasmic and membranous fractions was noted
at zero time where the incubation of brain tissue with
radioactive calcium was terminated immediately following
the addition of radioactive calcium (controls). Results are
means * SD from two experiments performed in triplicate.
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Fig. 2. Calcium uptake into brain tissue cytoplasm as a
function of domoate concentration. Incubation conditions
and other procedures were identical to those described in
the Experimental Procedures and in the legend of Fig. 1,
except that the domoate concentration was varied. Results
are means * SD from four experiments run in triplicate
for each data point. Data points marked with an asterisk
were significantly different from control incubations lacking
domoic acid (P < 0.05).

the reaction. The incubation was carried out in a
shaking water bath at 37° under the gas phase of
95% oxygen and 5% carbon dioxide, and terminated
by the addition of 2 mL of ice-cold saline, followed
by centrifugation for 2 min in a clinical centrifuge,
and withdrawal of the supernate. The radiolabelled
slices were washed five times with ice-cold saline to
remove non-specifically bound radioactivity. The
controls contained all the ingredients as the
experimentals except that they lacked agonists, and
the incubation of tissue slices with radioactive
calcium was terminated by the addition of ice-cold
saline immediately after the addition of radioactive
calcium. The tissue slices were subjected to
subcellular fractionation, filtration through a Mil-
lipore filter, followed by multiple rinses of membranes
on filters with ice-cold saline as described below.

Subcellular fractionation and radioactivity measure-
ments. The radiolabelled tissue slices were hom-
ogenized in 0.32 M sucrose containing 10 mM Tris—
HCI (pH 7.4), and the homogenate was centrifuged
at 105,000g for 60min. The supernatant was
withdrawn, an aliquot was mixed with the scintillation
fluid, and radioactivity was measured in a Packard
Tri-Carb 2000CA liquid scintillation analyzer. The
pellet was resuspended in the homogenizing medium
and filtered through a Millipore filter paper (0.45 um)
under vacuum; then the filter was dried and counted
for radioactivity in SmL of scintillation fluid.
Controls were employed with each set of experimental
samples and processed identically; radioactivity in
the control samples was subtracted from radioactivity
in the experimental samples.

Statistical analysis. Results obtained in this study
were analyzed by Student’s r-test to estimate
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Fig. 3. Calcium uptake into cytoplasmic and membranous fractions from brain tissue in the absence of

glutamate (controls) or in the presence of 1 mM glutamate, both in the presence of 10 mM glucose.

Other procedures were described in the Experimental Procedures. Results are means *+ SD from three

experiments run in triplicate. Data points marked with an asterisk were significantly different from the

control (P < 0.05). Key: (@) plus 10 mM glucose; (A) plus 10 mM glucose and 1 mM glutamate; and
(W) no glucose plus 1 mM glutamate.

statistical significance between the means of different
groups [18].

RESULTS

Calcium uptake into brain tissue and into
cytoplasmic and membranous fractions increased as
a function of time (Fig. 1). Calcium uptake into
cytosol of brain tissue was enhanced by domoate
(Fig. 2), whereas calcium uptake into membranous
fraction was not altered significantly (data not
shown). Glutamate (1 mM) also enhanced calcium
uptake into cytosol of brain tissue, but its effect on
calcium uptake in membranes was marginal (Fig. 3).

When glucose was omitted from the incubation
medium, calcium uptake into brain tissue was
enhanced markedly (Fig. 3). Calcium uptake into
the membranous compartment diminished as the
glucose concentration in the medium was increased
(Fig. 4, bottom panel), whereas calcium uptake into
brain tissue cytosol was not affected significantly
(Fig. 4, upper panel). However, when calcium
uptake into cytoplasmic fraction was expressed on
the basis of per mg protein, it was reduced
significantly at 60 min in the presence of 11.1 mM
glucose (14.0 6.0 vs 6.7 = 1.3 x 10% P <0.05).
Some variation between the replicate samples and
different experiments was noted, but this variation
was reduced when calcium uptake was calculated on
the basis of mg protein.

Calcium uptake into brain tissue cytosol increased
as NaCl was replaced gradually with choline chloride
in KHRB medium containing 10 mM glucose (Fig.
5, left panel), whereas calcium uptake into

membranous fraction was not affected (Fig. 5, right
panel).

The effects of glucose deprivation and replacement
of NaCl with choline chloride on calcium uptake
into cytoplasmic fraction were additive (Figs. 5 and
6, left panels), indicating independent mechanisms
of action. The present findings that glucose
deprivation affected calcium uptake into mem-
branous fraction most profoundly, whereas replace-
ment of NaCl with choline chloride stimulated
calcium uptake primarily in the cytoplasmic fraction
(Fig. 5, left panel), further support the view that
glucose and NaCl affect calcium uptake into brain
tissue by independent mechanisms at different
subcellular sites. The effect of NaCl on calcium
uptake into brain tissue was not blocked by either
ouabain (1 mM) or tetrodotoxin (1 u) (Table 1). The
absence of magnesium or potassium ions from the
medium had no significant effect on calcium
uptake into brain tissue cytosolic and membranous
compartments (data not reported).

The stimulation of calcium uptake into cytoplasmic
fraction of brain tissue by the lack of glucose
increased with incubation time (Fig. 7, left panel).
The stimulation of calcium uptake into membranous
fractions peaked at 15- to 30-min of incubation,
earlier than the peak in calcium uptake into
cytoplasmic fraction at 60 min (Fig. 7, left and right
panels). These results suggest that calcium uptake
into brain tissue may be linked to the cell energy
level, i.e. ATP. NaF in the presence of glucose
stimulated calcium uptake into cytoplasmic (8.5 +
0.4 vs 17.1 £ 2.2 x 10%; P < 0.05) and membranous
fractions (6.2 = 0.7 vs 26.2 = 3.0 x 10* P < 0.001)
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Fig. 4. Effect of variable concentrations of glucose in the incubation medium on calcium uptake into

cytoplasmic and membranous fractions from rat brain tissue at different time intervals. Other

experimental conditions are described in the Experimental Procedures. Results were obtained from

three experiments run in triplicate and expressed as means = SD. Calcium uptake into membranous

fractions at 11.1 mM glucose was significantly different from that in the absence of glucose (0 mM,
control) (P < 0.05).

(solid bars, Fig. 8), thereby mimicking the stimulation
of calcium uptake by the lack of glucose into
cytoplasmic (8.5 = 0.4 vs 12.8 = 1.7 X 10% P < 0.05)
and membranous fractions (6.2x0.7 vs
14.5 = 0.5 x 10% P < 0.01) (left column, Fig. 8). In
fact, the stimulation of calcium uptake by NaF in
the presence of glucose (solid bars) was higher than
the stimulation of calcium uptake by NaF in the
absence of glucose (open bars) into cytoplasmic and
membranous fractions (Fig. 8). In addition,
stimulation of calcium uptake into membranous
fraction by NaF in the presence of glucose (320%)
was greater than stimulation of calcium uptake by
glucose deprivation (152%) (Fig. 8, bottom panel),
suggesting an additional site(s) of NaF effect on
calcium uptake besides inhibition of glucose
metabolism.

Calcium uptake into brain tissue increased as a
function of time when the tissue was incubated in

the medium containing glucose (control) (Fig. 3).
Addition of glutamate stimulated calcium uptake
into cytoplasmic fraction at 60 min of incubation.
However, removal of glucose from the incubation
medium containing a comparable concentration of
glutamate markedly stimulated calcium uptake into
both the cytoplasmic and membranous compartments
of brain tissue (Fig. 3). Calcium uptake into brain
cytoplasmic and membranous compartments in
response to 250 uM domoate was not altered by
glucose (Fig. 9).

DISCUSSION

The results of the present study have revealed
that calcium uptake in brain tissue was affected by
a variety of agents including some of the excitatory
amino acids such as domoate and glutamate.
Domoate enhanced calcium uptake into brain tissue
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Fig. 5. Calcium uptake into cytoplasmic and membranous fractions of brain tissue as influenced by

glucose and NaCl. The incubation containing 10 mM glucose and 120 mM NaCl was considered as the

control (#). NaCl was replaced in the incubation medium with choline chloride, and as NaCl

concentration was decreased in the medium, choline chloride concentration was increased. Other

experimental conditions were similar to those described in the Experimental Procedures. Results are

means * SD from three independent experiments run in triplicate. Data points marked with an asterisk
were significantly different from the controls (P < 0.05).
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Fig. 6. Calcium uptake into brain cytoplasmic and membranous fractions after incubation for 60 min

in KHRB medium in the absence or presence of glucose or NaCl as indicated in the figure. The control

incubations contained 10 mM glucose and 120mM NaCl (B). Data are means + SD from three

experiments run in triplicate for each test. Data points marked with an asterisk were significantly
different from the control (P < 0.05).
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Table 1. Effects of ouabain and tetrodotoxin (TTX) on calcium uptake into rat brain tissue slices

Calcium uptake
(cpm/mg tissue/60 min)

Additions Cytosol (% Control) Membranes (% Control)
Glucose (10 mM) + NaCl (120 mM) 80 = 1 (100) 600 = 40 (100)
Glucose — NaCl 120 = 7* (148) 550 = 60 (93)
Glucose + NaCl

+ ouabain (1 mM) 80 =10 (100) 700 = 60 (116)
Glucose + NaCl 705 (100) 750 = 70 (100)
Glucose + NaCl

+ TTX (1 uM) 80 = 10 (107) 800 + 100 (107)

* Significantly different from the control (P < 0.05). Values are means *+ SD of two experiments

performed in triplicate.
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Fig. 7. Effect of glucose deprivation on calcium uptake into brain cytoplasmic and membranous fractions

as a function of incubation time. Calcium uptake into brain tissue in the absence of glucose was

significantly different from their respective controls (P < 0.05). Incubation conditions were identical to

those described in the Experimental Procedures. Results are means + SD from two independent
experiments run in triplicate.

cytoplasm, with little or no effect on calcium uptake
into the membranous compartment. Glutamate
also stimulated calcium uptake into brain tissue
cytoplasm, whereas stimulation of calcium uptake
into membranous fraction was marginal. These
observations are consistent with those reported by
other investigators, in that EAAs produce slight to
moderate stimulation of calcium uptake in adult
brain tissue [5].

Calcium uptake into brain tissue was influenced
profoundly by glucose in the KHRB medium used
for incubation of brain tissue slices. When glucose
was omitted from the medium, calcium uptake into
brain tissue was enhanced markedly. The stimulation
of calcium uptake in the absence of glucose increased

with incubation time. Since the brain tissue relies
entirely on carbohydrates as a source of energy [19],
these results imply that during the lack of glucose
brain tissue cells may have been depleted of ATP,
which is necessary for the activity of calcium pumps
that extrude calcium from the cells or take up
calcium in the endoplasmic reticulum of nervous
tissue [6]. A reduction in cellular energy, i.e. ATP,
during hypoxia or ischemia has been shown to induce
severe deficits in the function of the central nervous
system [20, 21]. This concept is further supported by
recent findings that glutamate toxicity is enhanced
markedly when cerebellar slices are exposed to an
oxygen- or glucose-free medium [22].

NaF stimulated calcium uptake more in the
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Fig. 8. Effect of NaF in the presence or absence of
10mM glucose on calcium uptake into cytoplasmic and
membranous fractions. Calcium uptake into cytoplasmic
and membranous fractions in the presence or absence of
10 mM glucose without NaF (control) is also given. All
other experimental conditions are described in the
Experimental Procedures. Each data point (mean * SD)
represents calcium uptake in three different experiments
measured in triplicate. Bars marked with an asterisk
indicate data significantly different from the controls
(P <0.05).

presence of glucose than in its absence. Since NaF
is a potent inhibitor of glucose metabolism through
the glycolytic pathways [23], these findings further
strengthen the view that glucose deprivation most
likely resulted in depletion of the high energy
intermediates such as ATP and phosphocreatine. As
a result, activity of calcium pumps was diminished,
and extrusion of calcium from the cell as well as its
uptake into the endoplasmic reticulum was reduced,
resulting in an elevation of intracellular calcium. At
high levels, calcium is known to be toxic in different
tissues including the brain [24]. The present findings
that NaF stimulated calcium uptake much more in
the presence of glucose than in its absence indicate
that NaF stimulated calcium uptake into brain tissue
by inhibiting glucose metabolism, but also by acting
atanother site(s) independent of glucose metabolism.

Calcium uptake into brain tissue was also enhanced
when NaCl was replaced by choline chloride in the
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Fig. 9. Effect of 250 uM domoate on calcium uptake into
brain cytoplasmic and membranous fractions in the absence
(ID) or presence () of 10 mM glucose. Results are means +
SD from two experiments run in triplicate. The data point
marked with an asterisk was significantly different from
the control incubation containing 10 mM glucose (P < 0.05).

incubation medium, and decreased when NaCl was
reintroduced in a concentration-dependent manner
(Fig. 5). This effect of NaCl was not prevented by
either ouabain or tetrodotoxin (Table 1), indicating
that the effects of NaCl on calcium uptake in brain
tissue may not be mediated by either the sodium
pump or sodium channels in the nervous tissue cell
membranes.

NaCl may have produced synergistic effects on
calcium uptake with the transport of glucose or
calcium in brain tissue. The effects of glucose and
NaCl on calcium uptake into brain tissue were
additive, suggesting independent mechanisms of
action. Glucose deprivation markedly stimulated
calcium uptake into membranous fraction with little
effect on calcium uptake into brain cytoplasm.
Removal of NaCl, on the other hand, stimulated
calcium uptake into the cytoplasmic fraction without
any effect on calcium uptake by membranes. These
results provide further support for independent sites
of action of glucose and NaCl on calcium uptake
into brain tissue. They also suggest a specific
intracellular site of action of NaCl on calcium uptake.
The entry of sodium ions into nervous tissue cells
may reduce the electronegative potential gradient
across membranes, which provides, in part, the
driving force for calcium to enter the cell [6]. In
contrast, the effect of glucose on calcium uptake
appears to be general in that it affected calcium
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uptake into membranous fraction with slight increase
in calcium uptake into cytoplasmic compartments.
This effect was most likely mediated by the
diminished level of ATP.

Calcium uptake into brain tissue was stimulated
more by NaF in the presence of glucose than by
glucose deprivation from the medium. Apparently,
the stimulation of calcium uptake by NaF cannot be
fully explained on the basis of inhibition of glucose
metabolism. NaF is a potent stimulant of adenylate
cyclase activity in brain tissue [25], which utilizes
ATP to form cyclic AMP. A rise in cyclic AMP
promotes phosphorylation of voltage-dependent
calcium channels, further utilizing ATP and
promoting the influx of calcium [26, 27].

It is well established that an adequate energy is
critically important for the cell ionic homeostasis
[see reviews in Refs. 2 and 6]. A drop in cell energy,
i.e. ATP, due to lack of glucose impairs the function
of calcium and sodium-potassium pumps, thereby
altering the fluxes of different ions across plasma
membranes. These alterations in ionic homeostasis
as a result of diminution of ATP are considered to
be primarily responsible for the lesions in brain
tissue produced during hypoglycemia, anoxia,
hypoxia/ischemia and epilepsy [6, 812, 20-22]. The
enhanced influx of calcium into brain tissue resulting
from the lack of glucose may further aggravate the
insult to brain tissue.
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